Flexural waves traveling in an elastic wedge (plate whose thickness decreases towards zero following a power law function) are not reflected back and accumulate at the zero thickness edge what results in a very efficient damping. In practice reflection always occurs because manufacturing a zero thickness edge is not possible. To solve that problem Krylov proposed the addition of a small quantity of damping material on the thinner edge of the plate what results in very effective damping. In this paper, the application of elastic wedges to reduce the vibrations of turbine blades is investigated. The objectives of this research are to evaluate the damping effectiveness of elastic wedge theory in blades and second, to evaluate a non-polymeric material as vibration damping material. In this way, the vibration energy of the blade is dissipated by the damping material and, at the same time, high temperature and low strength problems characteristic of polymeric damping materials are prevented. First, a FEM modal analysis of a simplified blade model is performed to understand the effects that the elastic wedge has on the modal shapes and frequencies of the blade. Next, to evaluate the damping levels achieved, a frequency response of the simplified blade model with and without elastic wedge is evaluated with the added damping material. The results show that elastic wedge theory combined non-polymeric damping materials can be an efficient method to reduce vibrations of turbine blades or similar applications.
Introduction
Effective vibration damping of plates can be achieved by reducing the reflection coefficient at its edges. Elastic wedge theory has been proposed [1] [2] [3] [4] [5] [6] as effective passive damping systems for structural vibrations since they can effectively reduce the amount of energy reflected at the edge where they are applied. Experimental investigations on elastic wedges that corroborate the theoretical formulation have been published [1] [2] [3] [4] [5] [6] [7] . This paper presents a study on the application of elastic wedge theory to turbine blades. The aim is to reduce the vibration levels of the blades in the frequency range of interest. That frequency range is determined by design specifications.
An elastic wedge is a plate whose thickness decreases smoothly towards zero, Fig. 1 . The amplitude, wave number and velocity of flexural vibrations traveling in plates depend on the thickness of the plate. A change in that thickness results in a change of impedance and, consequently, part of the traveling wave is reflected back. However, when the variation of the thickness is smooth enough [3, 4 &6 ], flexural waves are transmitted forward towards the thinner edge without reflection. As a result the vibration waves accumulate at the thinner edge and a small amount of damping material on that edge [1] in enough to dissipate a large amount of energy. 
Where D(x) is the thickness dependent bending stiffness of the plate thus, D(x) = Eh 3 (x)/12(1-σ2), z is the out-of-plane displacement, E is the Young's modulus, h(x) is the thickness variation function, σ is the Poison's ratio, ωis the frequency, ρis the material density. By solving Eq. (1) the function for the variation in thickness that satisfies the so called 'condition of sufficient smoothness' is obtained [1] 
In this paper, the application of elastic wedges to reduce the vibrations of turbine blades is investigated. The objectives of this research are to evaluate the damping effectiveness of such system when using a non-polymeric material as vibration damping material. In this way, the vibration energy of the blade is dissipated by the damping material while high temperature problems and low strength characteristic of polymeric damping materials are prevented. The original blade under research is shown in Fig. 2 The two different options shown in Fig. 3 were investigated. In both cases a third power elastic wedge is used with a thickness ratio of 166 and two different wedge lengths, Δx, of 5 and 10mm were evaluated. The thickness of the plate is constant (apart form the elastic wedge part) and is equal to the largest thickness of the blade. The frequency range analyzed is 5 to 30KHz for the modal analysis and 10 to 30KHz for the frequency analysis. These frequency ranges were chosen based on design specifications. One edge of the plate is constrained in all degrees of freedom, as indicated in Fig. 3 Table 1 shows the frequencies of the first four modes in the frequency range under analysis. It is found that modes shift to higher frequencies for the blade with 5mm elastic wedge. For the blade with 10mm elastic wedge the frequency shift to higher frequencies
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Vol. 5, No. 5, 2011 also appears in the first mode. However, from the third mode the shift is towards lower frequencies. The reason is that as frequency increases, extra modes appear in the blade with 10mm elastic wedge. For example, between the third and fourth modal frequencies of the blade without elastic wedge (8733 to 11960 Hz) the blade with 10mm elastic wedge has five modes. It is found that for the first three modes the displacements at the blade with the 5mm elastic wedge are similar to those of the blade without elastic wedge. As a result, there is a small effect in the energy distribution and small damping should be expected at those frequencies. The larger nodal displacement in the fourth mode at the blade with 5mm elastic wedge is about 2 times larger than that of the blade without elastic wedge. Therefore, the effect of the elastic wedge could be expected to start from the fourth mode and some damping could be achieved when applying damping materials at the thinner edge.
On the other hand, the blade with 10mm elastic wedge has much higher displacements at the elastic wedge part. Also, as frequency increases, the displacements farther concentrate at the elastic wedge and are greatly reduced at the rest of the blade. The larger nodal displacement at the first mode is about 4 times that of the blade without elastic wedge. This difference increases with frequency and at the forth mode the larger nodal displacement is about 41 times larger than that of the blade without elastic wedge. As a result, the vibration damping effect due to the elastic wedge when damping material is attached is expected to be appreciated from the first mode of the frequency range considered.
The above results highlight that longer elastic wedges are more effective at accumulating energy, as predicted in [1, 2 and 5] due to larger displacements at the elastic wedge. Thus, these will produce higher damping for the same amount of damping material. The results also show that larger frequency ranges can be damped when using a larger elastic wedge. In the above results, only the variation in length of the elastic wedges is compared. However, it is important to note that variation of other parameters (thickness ratio at the wedge or power constant) can have similar effects.
Frequency Response Analysis: Results and Discussion
The following discussion is based on the frequency response analysis of model A in Fig. 3 . However, same conclusions can be applied to model B. The frequency analysis is performed from 10 to 30KHz. A unit input force is applied at a random location.
A small damping coefficient of 0.002 at the damping material was used in the simulations. The reason is that, based on elastic wedge theory, a very small damping is enough to absorb most of the energy concentrated at the thin edge. The damping material is applied along all the elastic wedge part and its thickness increases towards the thinner edge as indicated in Fig. 4(a) . As in the modal analysis, a 5 and 10mm elastic wedges are The elastic wedge blade results of are compared to a plate of constant thickness which represents the original blade, Fig. 4(b) . On one edge a small amount of the same damping material used in the elastic wedge blade was applied to increase damping. Figure 9: Detail of 9-node average frequency response of original, short and long elastic wedge. Frequency range: 24 to 30KHz Figure 5 shows the 9-point average results of the frequency response analysis for the original blade, and the two elastic wedge blade models. This figure shows that the resonant modes of the short and long elastic wedge blades shift towards lower frequencies. For example, there is a concentration of four modes in the original blade between 19 and 22 KHz however, that concentration of modes spreads between 17 and 22 KHz in the short elastic wedge and between 16 and 22 KHz long elastic wedge. For that reason, a mode to mode comparison is difficult due to that frequency shift. However, when comparing the original and short elastic wedge blades, in general the displacements at resonant frequencies in the short and long elastic wedge blades are greatly reduced. Moreover, some modes are shifted out of the range, as is the case for the mode at 12 KHz in the original blade that shifts to frequencies lower than 10KH.
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The results shown in Fig. 5 are divided into four smaller frequency ranges and shown in Figs. 6 to 9 for clarity. As a reference, the mean values of the displacement for the original blade response are -25.4dB while those of the short and long elastic wedge blades are -26.9 and -26.5dB, respectively. It is found that the displacement at resonant peaks decreases when increasing the length of the elastic wedge, as predicted by elastic wedge theory, however, the average values are very similar due to non resonant frequencies.
Conclusion
In this paper, the application of elastic wedges to reduce the vibrations of turbine blades is investigated. The objectives of this research are to evaluate the damping effectiveness of elastic wedge theory in blades and second, to evaluate the vibration damping effectiveness of non-polymeric low damping coefficient material.
First, a modal analysis was performed to understand the effects of the elastic wedge on the modal shapes and frequencies. Next, a simplified FEM blade model with and without elastic wedge with added damping material is evaluated. The results show that elastic wedge blades can effectively reduce the blade vibration in a very wide frequency range, from 10 to 30KHz in the model under research. Moreover, even for low damping coefficients at both, blade and damping material, effective damping can be achieved in the frequency range of interest.
On the other hand, resonant modes in the elastic wedge blades are shifted toward lower frequencies. As a result, lower modes can shift out of the frequency range of interest but also higher modes could be shifted inside that range. This frequency shift could affect the design of other components related to the blade. For a given initial and final thickness of the elastic wedge, a shorter wedge would produce a smaller frequency shift but also, less damping would be achieved at resonant frequencies. On the other hand, the mean value of the displacement for the whole frequency range is very similar at both elastic wedge blades. This should be considered when analyzing systems with higher modal density. Therefore, the results show that elastic wedge theory can be applied to turbine blades as effective passive damping. However, there is a compromise between the damping level achieved and the performance of the components that could be affected by the frequency shift of the blade resonant modes.
Evaluation of the damping level achieved in turbine blades using elastic wedge theory combined with non-polymeric damping material is being carried out for actual FEM blade modes.
